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INTEGRATED CIRCUIT DEVICES AND METHQ Dfl EMPLOYIKG 
AMQRPHOnS SIIilGON CARBIDE RESISTOR HA TERIALS 
Background o f the Invention 
The present application relates to integrated 
5 circuit devices and methods which employ amorphous 
silicon carbide resistor materials, including field 
emission devices, as well as methods for fabricating and 
using the foregoing. 

The development of high density integrated 
10 circuit technology has been limited by the inability to 
provide suitable materials for integrated circuit 
resistor elements. Such materials typically must possess 
the ability to withstand intense electric fields without 
suffering breakdown, since their dimensions are so small. 
15 Moreover, the small size of these components requires 
high, tunable resistivity in order to achieve useful 
component resistances in many applications. 

One promising application for integrated 
circuit technology is in the fabrication of flat panel 
20 displays that employ cold cathode field emission. 

Efforts to develop such devices have sought to utilize a 
large number of microtip emitters in each display pixel 
to achieve useful field emission current levels. But 
shorts, which can occur between some of the emitters and 
25 the gate can make the device inoperable. Variations in 
emitter geometries and in surface chemical properties can 
result in non-uniform field emission and varying 
brightness across the display. It has been proposed to 
insert a resistor layer between the microtip emitters and 
30 their current source (normally a cathode electrode) to 
overcome these problems. 

A key to the successful development of such 
flat panel field emission displays, therefore, is the 
development of a resistor material having sufficiently 
35 high resistivity and capable of withstanding the intense 
electric fields which arise when breakdown occurs at the 
microtip emitters. 
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High speed, high density static RAM 
applications require the fabrication of integrated 
circuit resistor elements of very small dimensions, and 
consequently, require materials having high resistivity 
5 and the capability to withstand intense electrical 

fields. Similar requirements exist in other integrated 
circuit applications in which resistor elements are 
useful. 

For a material to be suitable for this 
10 application, it should be possible to form electrical 
contacts with the material readily and the resistor 
material must be compatible with other materials used in 
fabricating the device. For example, the material should 
not react with other materials in the device. 

The cost of device fabrication is another very 
important consideration. Materials which require high 
fabrication temperatures typically are undesirable since 
this limits the choice of compatible materials which can 
withstand such high temperatures without an undesirable 
20 change in their properties. In the case of flat panel 
field emission displays, low temperature processing is 
desirable to permit the use of less expensive substrates. 
At the same time, the resistor material should form a 
highly uniform film when it is deposited at such low 
25 temperatures. Another important consideration is the 

ability to selectively etch the materials to achieve the 
desired structure. 

Yet another important consideration is that a 
suitable resistor material should have characteristics 
30 which either do not change after deposition as a result 
of further cathode processing, or else change in a 
limited and predictable way. Likewise, over time as the 
device is used repeatedly, the characteristics of the 
resistor material should either remain the same or change 
35 in a limited and predictable fashion. 

While silicon has been proposed for use as such 
a resistor material, it is impractical to fabricate 



wo 97/23002 PCT/US96/20374 

3 

silicon resistor layers possessing sufficiently high 
resistivity for laany applications. To achieve high 
resistivity in silicon, it is necessary to deposit this 
material in a very pure form which substantially 
5 increases fabrication cost. 

It has been proposed to use cermet materials 
for use as resistor layers in flat panel field emission 
devices* However, it has proven very difficult to 
provide cermet resistor layers having sufficiently high 
10 resistance, as well as to select a desired resistance of 
such materials through doping. The resistivity of cermet 
also changes with thermal cycling and it is difficult to 
deposit and etch this material uniformly. Moreover, 
cermet has a grain structure that leads to uneven contact 
15 with the microtip emitters of the device and 

consequently, affects the resistances between the 
emitters and cathode electrode uncontrollably. This 
leads to uneven resistance values which result in non- 
uniform emission among the emitters. 
20 Amorphous materials lacking such a grain 

structure do not share this drawback, and they are 
readily fabricated and processed. However, amorphous 
materials are thought to be unstable, tending to change 
their properties substantially over time or as a result 
25 of further processing after layer formation. Amorphous 
silicon with hydrogen added can have a suitably high 
resistivity, but hydrogen gas evolution can cause 
problems in amorphous materials processed at higher 
temperatures since it results in changes in material 
30 properties, and in some cases can form gas bubbles which 
disrupt the material. 

obiects ar ^ ftiimm arv of the Invention 
It is an object of the present invention to 
provide integrated circuit devices incorporating resistor 
35 materials having high resistivity and capable of 

withstanding high electric fields, as well as methods for 
fabricating and using the same. 
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It is a further object of the present invention 
to provide such devices and methods of fabricating the 
saiQe which are inexpensive to implement. 

It is a further object of the present invention 

5 to provide such devices which operate over long periods 
of time and despite repeated use, without substantial 
degradation in their operating characteristics. 

It is yet another object of the present 
invention to provide flat panel field emission devices 

10 which employ resistor layers to achieve uniform field 
emission across the display and which are operable 
without substantial risk of destruction due to breakdown. 

In accordance with one aspect of the present 
invention, a field emission device is provided having a 

15 resistor element which comprises amorphous Sij^C^,^ wherein 
0<x<l, and wherein the Si^^C^.^ incorporates at least one 
impurity selected from the group consisting of hydrogen, 
halogens, nitrogen, oxygen, sulphur, selenium, transition 
metals, boron, aluminum, phosphorus, gallium, arsenic, 

20 lithium, beryllium, sodium and magnesium. 

In accordance with another aspect of the 
present invention, a method of making a field emission 
device is provided comprising forming a resistor element 
on a substrate, the resistor element comprising amorphous 

25 Si^C^.^ wherein 0<x<l and the amorphous Si^C^.^ 

incorporates at least one impurity selected from the 
group consisting of hydrogen, halogens, nitrogen, oxygen, 
sulphur, selenium, transition metals, boron, aluminum, 
phosphorus, gallium, arsenic, lithium, beryllium, sodium 

30 and magnesium, and forming at least one electron emitting 
structure on the substrate coupled with the resistor 
element. 

In accordance with a further aspect of the 
present invention, a method of emitting electrons from a 
35 field emission device is provided comprising: providing a 
field emission device mounted on a substrate wherein the 
field emission device comprises at least one electron 
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emitting structure and a resistor element coupled with 
the emitting structure; and applying an electric field to 
the emitting structure such that electric current is 
conducted through the resistor element to the emitting 
5 structure and electrons are emitted therefrom, wherein 
the resistor element comprises amorphous Sij^Cj^.,^ wherein 
0<x<l and the Si^C^.^ incorporates at least one impurity 
selected from the group consisting of hydrogen, halogens, 
nitrogen, oxygen, sulphur, selenium, transition metals, 
10 boron, aluminum, phosphorus, gallium, arsenic, lithium, 
beryllium, sodium and magnesium • 

In accordance with yet another aspect of the 
present invention, an integrated circuit is provided 
comprising a substrate, a resistor layer comprising 
15 amorphous Si^C^.^^ wherein 0<x<l, wherein the Sx^C^^^ 
incorporates at least one impurity selected from the 
group consisting of hydrogen, halogens, nitrogen, oxygen, 
sulphur, selenium, transition metals, boron, aluminum, 
phosphorus, gallium, arsenic, lithium, beryllium, sodium 
20 and magnesium, and a current conducting layer, the 

resistor layer having a first region of first resistivity 
contiguous with the current conducting layer and a second 
region of second resistivity higher than the first 
resistivity and contiguous with the first region, the 
25 second region being spaced from the current conducting 
layer by the first region, a first one of the resistor 
layer and the current conducting layer being on the 
substrate and a second one of the resistor layer and the 
current conducting layer being on the first one thereof. 
30 In accordance with a still further aspect of 

the present invention, a method of making an integrated 
circuit comprises providing a substrate, forming a first 
layer on the substrate, and forming a second layer on the 
first layer, a first one of the first and second layers 
35 comprising a resistor layer comprising amorphous Si^C^.^ 
wherein 0<x<l, wherein the Si^^Cj^.j^ incorporates at least 
one impurity selected from the group consisting of 
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hydrogen, halogens, nitrogen, oxygen, sulphur, selenium, 
transition metals, boron, aluminum, phosphorus, gallium, 
arsenic, lithium, beryllium, sodium and magnesium, and a 
second one of the first and second layers comprises a 
5 current conducting layer, the resistor layer having a 
first region of first resistivity contiguous with the 
current conducting layer and a second region of second 
resistivity higher than the first resistivity and 
contiguous with the first region, the second region being 
10 spaced from the current conducting layer by the first 
region. 

In accordance with yet still another aspect of 
the present invention, an integrated circuit is provided 
comprising a substrate, a resistor element formed on the 

15 substrate and comprising amorphous Si^C^.^^ wherein 0<x<l, 
and wherein the Sij^C^^.^ incorporates at least one impurity 
selected from the group consisting of hydrogen, halogens, 
nitrogen, oxygen, sulphur, selenium, transition metals, 
boron, aluminum, phosphorus, gallium, arsenic, lithium, 

20 beryllium, sodium and magnesium, and a current conducting 
element formed on or in the substrate and contacting the 
resistor element with a contact area of no more than 
about 10"® cm^. 

In accordance with yet a still further aspect 

25 of the present invention, a method of making an 

integrated circuit comprises providing a substrate, 
forming a resistor element on the substrate comprising 
amorphous Si^C^^.^ wherein 0<x<l, and wherein the Si^C^.x 
incorporates nitrogen as an impurity, annealing the 

30 resistor element at a first predetermined elevated 

temperature, and subsequently to the annealing of the 
resistor element, carrying out at least one further 
processing step at temperatures which do not exceed the 
first predetermined elevated temperature. In an 

35 advantageous embodiment of the method, a dielectric layer 
is formed on the resistor element prior to annealing. 
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The resistor materials employed in the present 
invention afford the ability to select their resistivity 
throughout a wide range of values extending from 
approximately 

5 1 ohm cm up to approximately 10^^ ohm cm through selection 
of the proportions of silicon and carbon as well as the 
selection of the concentration of the impurity or 
impurities. In certain advantageous embodiments of a 
field emission device according to the present invention, 
10 the resistor preferably has a resistivity ranging from 
10* ohm cm to 10^° ohm cm. 

The inventive resistor materials provide a high 
resistance to electrical breakdown which affords the 
ability to incorporate a resistor element in the form of 
15 a thin layer in a field emission device. 

The resistor element can be formed as a film 
using low processing temperatures which permits the use 
of relatively inexpensive substrates. In addition, while 
it has been found that amorphous materials in general are 
20 unstable so that their properties change undesirably when 
subjected to post-deposition processing at elevated 
temperatures, the relevant properties of annealed 
amorphous silicon carbide incorporating nitrogen as an 
impurity unexpectedly are substantially invariant despite 
25 such post-deposition processing, provided that the 

temperature of the material does not exceed that to which 
it has been subjected previously. This stability greatly 
facilitates fabrication of subsequent layers, further 
annealing of the device and the addition of impurities 
30 thereto at elevated temperatures, as well as flat panel 
display tube sealing. 

Moreover, while it is necessary to heat 
crystalline silicon carbide to very high temperatures in 
order to make ohmic contact with this material, amorphous 
35 silicon carbide forms usable nearly ohmic contacts at 
much lower temperatures, for example, by ambient 
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t;einperature evaporation of metal to form such contacts on 
the material. 

In several advantageous embodiments of the 
invention, the field emission device comprises at least 

5 one electron emitting structure and is formed on a 

substrate, the resistor element being formed integrally 
therewith and coupled to the emitting structure in order 
to couple the same to a cathode electrode. In 
applications such as flat panel displays, a plurality of 

10 electron emitting structures are employed. 

Advantageously, the cathode electrode is a conductive 
layer on the substrate and the resistor element is in 
contact with the conductive layer. In embodiments such 
as flat panel field emission display devices, the field 

15 emission device comprises an anode coated with phosphors 
to emit light upon receipt of energetic electrons from 
the emitting structures, and a gate is provided for 
controlling the application of electric fields to the 
electron emitting structures to regulate emission 

20 therefrom. The ability to fabricate the resistor element 
at relatively low temperatures affords the selection of 
an inexpensive substrate material which is advantageously 
selected from the group consisting of ceramics, glasses, 
semiconductors, metals and alloys. 

25 Desirably, the field emission device is 

fabricated in a vertically integrated structure including 
a cathode electrode layer formed on a substrate, a 
resistor layer having a first surface on the cathode 
electrode layer and a second surface opposite the first 

30 surface. The emitting structure is positioned on the 

second surface of the resistor layer. While the art has 
taught away from the use of such structures since 
practical resistor layers must be kept quite thin and 
thus experience intense electric fields when breakdown 

35 occurs at the emitters, the resistor materials employed 
in field emission devices according to the present 
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invention are capable of withstanding such electric 
fields without breakdown. 

The above, and other objects, features and 
advantages of the invention, will be apparent in the 
5 following detailed description of certain illustrative 
embodiments thereof which is to be read in connection 
with the accompanying drawings forming a part hereof, and 
wherein corresponding parts and components are identified 
by the same reference numerals in the several views of 

10 the drawings. 

Brief Description of the Drawings 
Figures 1(a) through 1(d) schematically 
illustrate steps in fabricating a field emission device 
in accordance with a first embodiment of the present 
15 invention; 

Figures 2(a) and 2(b) schematically illustrate 
field emission devices in accordance with further 
embodiments of the present invention having respectively 
different cathode and extraction electrode structures; 
20 Figure 3 schematically illustrates a field 

emission device in accordance with another embodiment of 
the present invention in which a gate extraction 
electrode is fabricated onto a cathode structure; 

Figure 4 is a schematic illustration of still 
25 another embodiment of a field emission device in 

accordance with the present invention having a lateral 
resistor arrangement; 

Figures 5(a) and 5(b) are schematic 
illustrations of field emission devices in accordance 
30 with still further embodiments of the present invention; 

Figure 6 is a schematic illustration of yet 
still another embodiment of a field emission device in 
accordance with the present invention incorporating a 
second resistor layer for protecting a gate dielectric 
35 against electrical breakdown; 

Figure 7(a) is a schematic illustration of a 
flat panel field emission display device in accordance 
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with an embodiment of the present invention, and Figure 
7(b) is a cross-sectional view of the device of Figure 
7(a) taken along the lines 7(b) - 7(b) thereof; 

Figure 8 is a schematic illustration of an 
5 integrated circuit field emission device in accordance 
with an embodiment of the present invention; 

Figure 9 is a schematic illustration of an 
integrated circuit device incorporating a transistor and 
a resistor element in accordance with yet another 

10 embodiment of the present invention; and 

Figure 10 is a schematic illustration of an 
integrated circuit incorporating a capacitor and a 
resistor element in accordance with still another 
embodiment of the present invention. 

15 Detailed Description of Certain Advantageous Embodiments 
Amorphous silicon carbide resistor elements can 
be formed having resistivities ranging from 1 ohm cm to 
10^^ ohm cm. This can be accomplished by selecting the 
silicon to carbon ratio, by introducing impurities that 

20 act, at least in part, to terminate or eliminate 

dangling-bond defects, typically making the material more 
resistive, and/ or donor or acceptor impurities at 
selected concentrations. In particular, nitrogen can act 
as a terminating species in amorphous silicon carbide, 

25 and can also form nitrides of silicon and/ or carbon 

therein. In either case nitrogen serves to increase the 
resistivity of the amorphous silicon carbide, such that 
its resistivity increases with increasing nitrogen 
concentration. 

30 The ability to select the resistivity of this 

material within such a large range provides substantial 
flexibility in selecting device geometry, affording 
greater circuit density. For example, for flat panel 
display field emission cathodes having lateral resistor 

35 geometries, relatively low resistivities are required. 
However, vertical resistor geometries which afford 
greater circuit density require higher resistivities. 
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For flat panel display field emission cathodes, for 
example, resistivities typically range from about 10^ ohm 
cm to about 10^ ohm cm, preferably are in the range of 
about 10* ohm cm to about 10® ohm cm, and most preferably 
5 are about 1 X 10^ ohm cm to 5 X 10^ ohm cm. 

The introduction of a dangling-bond-terminating 
impurity or impurities in amorphous silicon carbide 
eliminates gap states and produces higher resistivity. 
The introduction of a dopant in amorphous silicon carbide 
10 introduces energy states in the band gap, which tends to 
reduce resistivity. 

Amorphous silicon carbide resistor layers for 
field emission devices of the present invention may be 
formed by many deposition or film forming techniques. 
15 These permit precise selection of impurity 
concentrations, and a predetermined impurity 
concentration profile which varies with film depth, as 
will be explained in greater detail below. Such 
techniques include, but are not limited to, RF glow 
20 discharge, plasma enhanced CVD (chemical vapor 

deposition) or PECVD, RF sputtering, ion cluster beam 
deposition, ion beam sputtering, reactive sputtering, 
microwave discharge and photo CVD. 

Preferably, lower temperature deposition is 
25 employed to permit selection of the substrate from a wide 
variety of substrate types, such as low cost glass 
substrates. The resistor layers may be fabricated as 
continuous films or as non-continuous regions through 
etching, shadow masking during deposition, lift-off, etc. 
30 The layers are formed in thicknesses ranging from about 
0.025 micron to about 10 micron, with a range of about 
0.1 micron to about 1.0 micron being preferred and a 
range of about 0.2 micron to about 0.5 micron being most 
preferable. As noted above, low temperature deposition 
35 processes are preferred, and the substrate temperature 
can be room temperature or below. Smoother films are 
obtained at lower pressures (15 mTorr) with low substrate 
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temperature. Deposition at a substrate temperature of 
about 200®C yields an advantageously large optical gap. 
Substrate temperatures during deposition of silicon 
carbide of less than 600 typically produce amorphous 
5 films. 

The resistor films are substantially amorphous. 
Such material is uniform and can be readily formed at low 
temperatures. Empirically, the films are considered 
herein to be amorphous if x-ray diffraction scans do not 
10 show the discrete, sharp peaks of scattered radiation 
that are observed from crystalline or polycry stall ine 
solids. 

The resistivity of the silicon carbide films 
can be selected through the addition of dopant impurities 
15 such as boron, phosphorus, aluminum and arsenic, which 
tends to lower the resistivity of the material. For 
example, boron or phosphorus may be introduced into the 
a-SiC film during deposition by introducing dopant gases 
diborane or phosphine typically at a flow rate which is 
20 about 1/100% of the total gas flow. A dopant impurity 

can also be introduced directly into the target material. 

The concentrations of the impurity or 
impurities are selected to achieve the desired 
resistivity after processing has been completed. The 
25 resistivity of the amorphous silicon carbide film 

incorporating nitrogen deposited by sputtering at ambient 
temperature is increased by roughly one order of 
magnitude upon heating to about 450**C for fifteen 
minutes. A significant advantage of amorphous silicon 
30 carbide incorporating nitrogen is that its resistivity 
after heating at an elevated temperature up to at least 
500 C, remains substantially invariant despite further 
processing at temperatures up to that elevated 
temperature, and without regard to processing time at 
35 such temperatures. This provides the advantage that 
processing temperatures and processing times can be 
selected freely without affecting the already determined 
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resistivity of the film which affords repeatability and 
stability* Accordingly, in certain embodiments, the film 
is annealed after formation in order to determine its 
final resistivity so that it will be substantially 
5 unaffected by further processing at elevated temperatures 
which do not exceed the annealing temperature. 

In embodiments in which a dielectric layer, 
such as silicon dioxide or silicon nitride, is formed on 
a resistor layer of amorphous silicon carbide 
10 incorporating nitrogen as an impurity, the annealing step 
is preferably carried out after the formation of the 
dielectric layer. This makes it possible to anneal the 
resistor layer and the dielectric layer in a single step. 
It also results in a smaller change in the resistivity of 
15 the resistor layer material as a result of annealing. 

An embodiment of a field emission device for 
use in a flat panel display and a method of fabricating 
the device will now be explained with reference to 
Figures 1(a) through 1(d)- With reference first to 
20 Figure 1(a), a suitable substrate 1 is provided. 
Substrate materials which are suitable for this 
application include ceramics, glasses, semiconductors, 
metals and alloys or mixtures thereof. The ability to 
employ low device fabrication temperatures in this 
25 process permits the use of a low cost substrate material. 

Although not required in all fabrication 
procedures, one or more layers 2, for example spin-on- 
glass or silicon dioxide, may be deposited on an upper 
surface of the substrate. The layer or layers 2 may be 
30 deposited, for example, by spin-on or sputter techniques, 
and can serve to planarize the fabrication surface and/or 
electrically isolate the substrate from the active 
elements of the device. 

Next a cathode electrode layer or layers 3 are 
35 formed on the layer or layers 2. The layer (s) 3 

advantageously include a metal layer deposited by metal 
evaporation, sputtering or other technique known to one 
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skilled in the art, although other types of conductive 
materials, as well as semi conductive materials such as 
silicon, may be used to fabricate the cathode electrode 
layer (s) 3. 

5 The cathode electrode layer (s) 3 may be a 

continuous layer or may be patterned to form a plurality 
of separate cathode electrode layers, for example, to 
afford the ability to separately address individual 
pixels of the flat panel display. As an exemplary 
10 embodiment, the cathode electrode layer (s) 3 may include a 
thin layer of titanium (about 0.03 microns thick), 
deposited on the layer or layers 2 and a thicker layer of 
molybdenum (about 0.3 microns thick) deposited on the 
titanium layer. The titanium layer promotes adhesion of 
15 the cathode electrode layer to the substrate. In certain 
embodiments, the layer (s) 3 comprises a 300 nm layer of 
nickel deposited on a substrate of Schott D-2 63 glass. 
Patterning may be accomplished by known shadow masking, 
lift-off or etch-back techniques. 
20 After the cathode electrode layer or layers 3 

have been deposited, a resistor layer 4 of amorphous 
silicon carbide including at least one impurity is 
deposited • The value x is selected such that 0<x<l and 
at least one impurity is selected from the group 
25 consisting of hydrogen, halogens, nitrogen, oxygen, 

sulphur, selenium, transition metals, boron, aluminum, 
phosphorus, gallium, arsenic, lithium, beryllium, sodium 
and magnesium. Hydrogen, oxygen, and the halogens act at 
least as terminating species in a-SiC, tending to raise 
30 its resistivity. Nitrogen serves as a terminating 

species in a-SiC at low concentrations, and at higher 
concentrations acts both as a terminating species and 
forms nitrides of silicon and/ or carbon. Nitrogen is 
preferred as the impurity since the resistivity of the 
35 layer 4 can be selectably and repeatably determined from 
the stoichiometry of the layer 4 and the maximum 
temperature to which the layer 4 is subjected. The 
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resistivity of amorphous silicon carbide films can also 
be selected by incorporating a dopant impurity. 

In certain embodiments, the resistor layer 4 is 
grown by RF sputtering using a Perkin-Elmer 4450 
S production Sputtering system at a power level of lOOOM. 
The sputter target is a high-purity beta silicon carbide 
target produced by chemical vapor deposition. The base 
pressure of the sputter chamber is set at about 10"^ Torr 
and the substrates to be coated are introduced via a load 
10 lock system. Prior to deposition of the layer 4, a 
sputter etch is performed in the chamber to remove 
contaminant layers from the cathode electrode layer (s) 3. 

When deposition is commenced, nitrogen gas and 
argon gas are introduced into the chamber at flow rates 
15 established by mass flow controllers. Argon flow 

typically is fixed at about 480 seem and the nitrogen 
flow is selected to achieve the desired resistivity 
thereof in the deposited resistor layer 4. The nitrogen 
flow is typically about 0.5% of the total gas flow. In 
20 certain embodiments the nitrogen flow rate is initially 
kept low so that a first region of the resistor layer 4 
contiguous with the cathode electrode layer (s) 3 has a 
relatively low resistivity which provides a good ohmic 
contact of resistor layer 4 to the cathode electrode 
25 layer (s) 3. Then the nitrogen flow rate is increased to 
increase its concentration in the deposited material in a 
second region contiguous with the first region to a level 
which provides the desired average overall resistivity of 
the layer 4 once processing is completed. Before the 
30 deposition of the layer 4 is completed, the flow rate of 
the nitrogen is again reduced to produce a third region 
contiguous with the second region and having a relatively 
low resistivity to make good ohmic contact with a 
plurality of field emitters described below. Preferably, 
35 the third region is also heavily doped to minimize or 
essentially eliminate variations in specific contact 
resistance with the field emitters. 
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During t:he growth of resistor layer 4, the 
chamber pressure is typically about 23 mTorr. The 
substrates are rotated under the target during growth to 
ensure uniform coating. For example, a substrate in the 
5 form of a 4 inch wafer was placed upon a rotating platen. 
Coating of the wafer took place only 14% of the time. A 
measured deposition rate of 3.3 nm/min. was achieved. It 
is believed that the deposition temperature was 
approximately 70^ C based on measurements taken a few 

10 minutes after deposition. 

The impurity may also be introduced during 
growth from a solid or liquid source. Moreover, the 
impurity may also be incorporated in the layer 4 by 
implantation or diffusion. 

15 Like the layer (s) 3, the resistor layer 4 may 

be either continuous or patterned as a plurality of 
separate regions, for example, corresponding to separate 
regions of the layer (s) 3. Variations in resistor film 
thickness, film homogeneity, specific contact 

20 resistivity, contact area and resistor-film resistivity 
will change the current- limiting resistance to each 
emitter. The variation in the current- limiting 
resistance due to a variation in the specific contact 
resistivity can be minimized or eliminated by heavily 

25 doping the contact region and cleaning the surface prior 
to emitter deposition. The variation in the current- 
limiting resistance due to the size of the emitter 
contact can be minimized by controlling the emitter 
deposition process, for example, by precise lithographic 

30 patterning. Amorphous silicon carbide films are 

intrinsically homogeneous on an appropriate scale. Film 
uniformity can be controlled by changing sample position 
relative to the target or targets (for example, by 
rotating the sample) during deposition, and controlling 

35 the gas composition and flow. 

After the resistor layer 4 has been deposited, 
referring to Figure 1(b) a dielectric layer 5 is 



wo 97/23002 



PCT/US96/20374 



17 

deposited on the layer 4. The layer 5 may comprise, for 
exaTO^>le, SiOj or Si3N4 deposited by sputtering, plasma- 
enhanced chemical vapor deposition, low-pressure chemical 
vapor deposition or atmospheric chemical vapor 
5 deposition. Subsequently, a gate electrode layer 6 such 
as aluminum or nickel is deposited on the dielectric 
layer 5 by metal evaporation. 

Where the resistor layer is formed of amorphous 
silicon carbide incorporating nitrogen as an impurity, as 
10 noted above annealing of the resistor layer at a 

predetermined temperature will establish its resistivity 
at a level that remains substantially invariant despite 
subsequent processing at temperatures up to the 
predetermined temperature. If the annealing step is 
15 carried out prior to the formation of the dielectric 
layer at a temperature of about 450«>C for fifteen 
minutes, the resistivity of the amorphous silicon carbide 
layer incorporating nitrogen will be increased by 
approximately one order of magnitude. 
20 However, if annealing of the resistor layer 4 

is postponed until after the formation of the dielectric 
layer 5, both of the layers 4 and 5 may be annealed in a 
single processing step. Moreover, the resistivity of the 
resistor layer 4 is changed as a result of annealing by 
25 an amount which is smaller than the order of magnitude 
change observed when annealing is carried out before 
formation of the dielectric layer. 

As an example, amorphous silicon carbide layers 
incorporating nitrogen were formed by sputtering on 
30 nickel contacts and further nickel contacts were formed 
on opposite sides of the silicon carbide layers. These 
structures were encapsulated in a plasma-enhanced 
chemical vapor deposited silicon dioxide film having a 
thickness of 3500 angstroms. The silicon dioxide was 
35 deposited at a substrate temperature of less than 300**C. 
Current- voltage data of the devices thus fabricated were 
then taken. Then the devices were annealed at 450'»C in a 
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vacuim ambient (< 10""^ Torr) for one hour. Further 
cur rent- volt age data of these devices were then obtained. 
The results indicated that the resistivity of the silicon 
carbide resistor layers had changed by a factor less than 
5 2. 

With reference now to Figure 1(c), cavities 10 
are formed in the layers 5 and 6 to define the locations 
of the emitters and expose the upper surface of the 
resistor layer 4 on which the emitters will be formed, as 
10 described below. The pattern of the cavities 10 is 

defined by means of a patterned resist which leaves the 
positions of the cavities exposed, and then the layers 5 
and 6 are etched at the exposed positions, for example, 
by a reactive ion etch which is halted once the resistor 
15 layer 4 is exposed. 

Thereafter microtip emitters 7 are formed on 
the exposed portions of the surface of resistor layer 4 
in the manner described in U.S. Patent No. 3,789,471 to 
Spindt. Essentially, at the same time that the metal 
20 forming the emitters is deposited from a source directly 
above the exposed surface of the device, a closure 
material is deposited from a source placed to the side of 
the device so that the closure material strikes the 
exposed surface of the device at a glancing angle. At 
25 the same time, the device is rotated so that the openings 
of the cavities 10 are gradually closed as the closure 
material is deposited and as the emitters 7 are formed in 
ever-decreasing diameters until the openings are 
completely covered. Then the closure material is removed 
30 to expose the emitters 7 in the cavities 10. This 

process is carefully controlled through patterning and 
lithographic etching to ensure that the contact area of 
each emitter 7 with the surface of the resistor layer 4 
is substantially the same as all others to avoid 
35 substantial variations in contact resistance which result 
in noticeably non-uniform brightness. The emitters may 
be formed by depositing a first metal such as titanium 
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Which enhances adhesion, followed by depositing a second 
metal which readily emits electrons upon application of a 
suitable electric field. However, the emitters may also 
be formed by depositing a single metal such as molybdenum 
5 directly on the resistor layer 4. 

The areas exposed by each of the cavities 10 
typically are each about 10~® cm^. Accordingly, each of 
the microtip emitters 7 contacts the resistor layer 4 
with an area of no more than about 10"® cm^, and typically 
10 contacts the resistor layer 4 with an area of less than 
10"® cm^. The use of cermet and similarly granular 
materials in the resistor layer 4 can result in 
substantial variations in contact resistance from emitter 
to emitter. The resistor layer 4 of the present 
15 invention, however, is far more uniform which thus 

affords far less variation in contact resistance from 
emitter to emitter. 

In the embodiment of Figure 1, the gate 
electrode is formed as a plurality of electrodes when the 
20 cavities 10 are formed to permit selective application of 
extraction voltage thereto. This enables the device to 
selectively activate the emitters 7 to emit electrons in 
order to produce a visible display on a phosphor-coated 
anode of a flat panel display (not shown for purposes of 
25 simplicity and clarity) . 

Figure 2 (a) is a schematic illustration of 
another field emission device embodiment in which a 
cathode electrode layer 12 is formed on the surface of a 
substrate 11 by, for example, sputtering, CVD or 
30 evaporation. The substrate may be covered with one or 
more planar izing and/ or insulating layers (not shown for 
purposes of simplicity and clarity) . A resistor layer 13 
is formed as described above in connection with Figure 
1(a) and has the same composition as resistor layer 4 of 
35 Figures 1(a) through 1(d). Emitters 14 can be formed as 
described above in connection with Figures 1(c) and 1(d) 
through a patterned and etched dielectric layer (not 
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Shown for purposes of simplicity and clarity) followed by 
selective removal of the dielectric layer. 

Other techniques may be used to form the 
emitters 14. For example, in certain embodiments 
5 emitters 14 take the form of carbon fibers catalytically 
grown in situ on the resistor layer 13. More 
specifically, carbon fibers can be grown on the resistor 
layer 13 with a density greater than 0.1 fiber per square 
micron by (1) the deposition and (if necessary) 
10 patterning of a metal catalyst such as Fe, Co or Ni on 
the resistor layer 13 and then (2) heating in an 
atmosphere containing a hydrocarbon, carbon-containing 
compounds and/or carbon monoxide. Methods for growing 
such carbon fiber emitters are described in greater 
15 detail in the U.S. patent application entitled Carbon 
Fiber-Based Field Emission Devices, inventors: Xueping 
Xu, et al., filed concurrently herewith and assigned to 
the assignee of the present application, the entire 
disclosure of which is incorporated herein by reference. 
20 The emitters 14 can also take the form of 

carbon containing particles such as amorphous carbon, 
graphite, diamond and/or crystalline silicon carbide 
deposited on the resistor layer 13 • Such particles may 
be deposited by applying a suspension thereof in alcohol 
25 on the layer 13 by means of an air brush or by spin on. 
Methods for forming such emitters are described in U.S. 
patent application No. 08/269,283 filed June 29, 1994 
entitled Structure and Fabrication of Electron-Emitting 
Devices Utilizing Electron- Emissive Particles which 
30 Typically Contain Carbon, inventors: Jonathan C. 

Twichell, et al., the entire disclosure of which is 
incorporated herein by reference. 

A grid extraction and control electrode 15 is 
spaced from the emitters 14 . Electron emission from the 
35 emitters 14 is induced by applying a suitable voltage 
between the cathode electrode 12 and the grid 15. A 
region of below-atmospheric pressure separates the 
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emitters 14 from the grid 15. The device of Figure 2(a) 
may serve as an electron source for spectrometers or 
microscopes. It also provides advantages for high 
frequency devices since the current flows through a near- 
5 vacuum from the emitters at a rate much faster than in 
solids and the gate - cathode electrode capacitance is 

relatively small. 

Figure 2 (b) is a schematic illustration of a 
field emission device having the same structure as that 

10 of Figure 2(a), except that an anode 16 is employed as 
the extraction electrode in place of the grid 15 and 
emitters 17 are formed by altering the morphology of a 
resistor layer 18, for example, by etching to produce 
microtips 19 followed by deposition of an electron 

15 emissive material 20 on the microtips 19. In Figure 2(b) 
each microtip 19 in effect acts as a separate resistor 
for the corresponding emitter 17. The anode 16 can be, 
for example, a metal electrode or a metallized or 
conductive phosphor. The structure shown in Figure 2(b) 

20 may be used as a light source in which electrons emitted 
from the emitter 17 strike the phosphor causing light to 
be emitted. A simple display may be provided having 
separately addressable pixels each comprising the 
structure shown in Figure 2(b). More specifically, in an 

25 alternative embodiment a plurality of separately 

electrically addressable phosphors are provided on a 
surface of anode 16 opposite the emitter 17 so that the 
phosphors may be scanned electrically to reproduce an 
image . 

30 When a small amount of current is emitted by 

the emitters 17, the voltage drop across the resistor 
layers 13 and 18 is relatively small compared to that 
between the cathode electrode layer 12 and the gate 15 
(Figure 2(a)) or anode 16 (Figure 2(b)). However, if the 

35 emitted current becomes large, a significant voltage drop 
will develop across the resistor layer 13 of Figure 2(a) 
or layer 18 of Figure 2(b). In these structures, the 
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extraction electrode (gate 15 or anode 16) can be 
relatively far from the emitters 14 or 17 (typically more 
than 10 microns) , and a relatively large voltage must be 
applied between the gate 15 and emitters 14 (Figure 2(a)) 
5 or the anode 16 and emitters 17 (Figure 2(b)) to induce 
emission. Accordingly, the resistor layers 13 and 18 
must be provided with relatively large resistances to 
force a correspondingly greater voltage drop thereacross 
in order to provide a useful current limiting function. 

10 Figures 3 and 4 are schematic illustrations of 

vertical resistor and lateral resistor field emission 
device structures, respectively. The structure of the 
device of Figure 3 is essentially the same as that of 
Figure 1(d) and includes a substrate 21, a cathode 

15 electrode layer 22 on the substrate 21, a resistor layer 
23 on the cathode electrode layer 22, emitters 24 on the 
resistor layer 23, a dielectric layer 26 on the resistor 
layer 23 and gate electrodes 25 on the dielectric layer 
26. As in the device of Figures 1 and 2, the resistor 

20 layer 23 comprises amorphous silicon carbide 

incorporating at least one impurity selected from the 
group consisting of hydrogen, halogens, nitrogen, oxygen, 
sulphur, selenium, transition metals, boron, aluminum, 
phosphorus, gallium, arsenic, lithium, beryllium, sodium 

25 and magnesium. In the device of Figure 3, current flows 
mostly vertically from cathode electrode layer 22 
through resistor layer 23 to emitters 24. The gate 
electrodes 25 are selectably addressable to turn on the 
pixels of a display using the Figure 3 device. 

30 The device of Figure 4 includes a substrate 31, 

resistor layer 3 3 on the substrate 31 and having the same 
composition as resistor layer 23 of Figure 3, a plurality 
of cathode electrodes 32 and emitters 3 4 formed on the 
resistor layer 33, a dielectric layer 3 6 over the cathode 

35 electrodes 3 2 and a number of gate electrodes 3 5 on the 
dielectric layer 36. The fabrication of the Figure 4 
device is similar to that of Figures 1(a) through 1(d). 
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However, the resistor layer 33 is formed directly on the 
substrate 31 and a cathode electrode layer is formed on 
the layer 33. The dielectric layer 36 is formed on the 
cathode layer 32 and a gate layer is formed on the 
5 dielectric layer 36. Then portions of the resistor layer 
33 are exposed through the gate, dielectric and cathode 
layers and the emitters 34 are formed on the exposed 
portions of the layer 33- The vertical resistor 
structure of Figure 3 subjects the resistor layer to 
10 relatively higher electric fields than that of Figure 4. 
However, the resistor materials employed in the inventive 
devices are capable of withstanding such fields without 
breakdown. Moreover, the structure of Figure 3 is 
relatively easier to make than that of Figure 4 since the 
X5 structure of Figure 4 requires additional smaller-scale 
lithography and accurate positioning of emitters 34 
relative to the cathode electrodes 32. The device of 
Figure 3, unlike those of Figures 2(a) and 2(b) permits 
the use of lower extraction voltages applied between the 
20 gates 25 and the emitters 24 . 

Figure 5(a) is a schematic illustration of yet 
another field emission device having an electrically 
insulating substrate 41, a cathode electrode layer 42 on 
the substrate 41, a continuous resistor layer 43 on the 
25 cathode electrode layer 42, a dielectric layer 46 on the 
resistor layer 43 and gate electrodes 4 5 on the 
dielectric layer 46. The resistor layer 4 3 is also 
comprised of the same material as resistor layer 2 3 of 
Figure 3. Microtip emitters 47 are formed in the same 
30 manner as emitters 7 of Figure 1(d) to produce field 

enhancing tips 48 which are then covered with an electron 
emissive material 44 by evaporation or sputtering. 

A further embodiment of such a device is 
illustrated schematically in Figure 5(b) in which 
35 elements corresponding to those in Figure 5(a) have the 
same reference numerals. The device of Figure 5(b) is 
provided with a discontinuous resistor layer 49 of the 



wo 97/23002 



PCT/US96/20374 



24 

same material as layer 23 of Figure 3 comprising 
physically separated pedestals formed on cathode 
electrode layer 42 within wells formed in the dielectric 
layer 46. A microtip emitter 50 comprising an electron 
5 emissive material is supported on each pedestal of the 
resistor layer 49 • The device of Figure 5(b) is 
fabricated in essentially the same manner as that of 
Figures 1(a) through 1(d), but with the addition of a 
reactive ion etch to remove those portions of the 
10 resistor material exposed between the emitters 50 and the 
edges of the wells formed in the dielectric layer 46 in 
order to pattern the resistor layer 4 9 as a plurality of 
separated pedestals* The embodiment of Figure 5(b) 
provides reduced crosstalk between neighboring emitters. 
15 With reference now to Figure 6, a further 

embodiment of a field emission device is illustrated 
schematically therein having an electrically insulating 
substrate 51, a resistor layer 53 on the substrate 51, a 
cathode electrode layer 52 on the resistor layer 53, a 
20 plurality of microtip emitters 54 also on the resistor 

layer 53, a dielectric layer 56 on the cathode electrode 
layer 52, a further resistor layer 57 on the dielectric 
layer 56 and a plurality of gate electrodes 55 formed on 
the further resistor layer 57. The resistor layer 53 is 
25 formed of the same material as resistor layer 23 of 

Figure 3. Layer 53 serves to homogenize the electron 
beam intensity from emitter to emitter and serves to 
limit current and can serve to prevent damage in the 
event of breakdown between the emitters 54 and the gate 
30 extraction electrodes 55- The further resistor layer 57 
is formed of the same material as layer 53 and serves to 
limit current and prevent damage in the event of 
breakdown in the dielectric layer 56 or in the resistor 
layer 53. The layer 57 together with the layer 53 may 
35 also provide the ability to withstand greater breakdown 
voltages than the layer 53 can withstand by itself, 
especially where the thickness of layer 53 cannot be 
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increased to provide this capability. For example, the 
thickness of layer 53 may be limited to avoid cracking 
and delamination, and/or to prevent emitter interaction. 
Also, the device may be provided with a 
5 positive gate bias voltage with respect to the cathode 
electrode layer 52 applied through the resistor layer 57 
so that a current flows from the emitters 54 through the 
gate electrodes 55 to the layer 57. The gate electrodes 
55 thus absorb a fraction of the emitter current and the 
10 further resistor layer 57 functions to lower the voltage 
level of the gate electrodes 55 in order to limit the 
emitter current. 

Figures 7(a) and 7(b) schematically illustrate 
a flat panel field emission display device in accordance 
IS with a further embodiment of the present invention. 
Figure 7(a) schematically illustrates the device as 
viewed through a transparent phosphor substrate 110 and 
transparent conductor layer 109 illustrated in Figure 
7(b) which is a cross-sectional view taken along the 
20 lines 7(b) and 7(b) of Figure 7(a). 

With reference in particular to Figure 7 (b) a 
field emission cathode device 112 is formed on a 
substrate 101. Cathode electrodes 102 of the field 
emission cathode device 112 are formed on an upper 
25 surface of the substrate 101 as a plurality of parallel 

row electrodes as illustrated in Figure 7(a). A resistor 
layer 103 comprising the same material as the resistor 
layer 23 of Figure 3, is formed on the cathode electrodes 
102. A dielectric layer 104 is formed on the resistor 
30 layer 103. A number of apertures 104a extend through the 
dielectric layer 104 to the resistor layer 103 over the 
cathode electrodes 102 and concentrated in emitter 
clusters 104b as seen in Figure 7 (a) . Electron emitters 
106 are formed on the resistor layer 103 in the apertures 
35 104a. A plurality of gate electrodes 105 are formed on 
the dielectric layer 104 adjacent the apertures 104a and 
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arranged in a plurality of separately addressable columns 
as best seen in Figure 7(a). 

With reference to Figure 7(b) the transparent 
phosphor substrate 110 is spaced from the field emission 
5 cathode device 112 opposite the electron emitters 106 
thereof. The transparent conductor 109 comprising, for 
example, indium tin oxide (ITO) is formed on a surface of 
the substrate 110 opposite the field emission cathode 
device 112. In the alternative, a transparent 
10 semiconductor may be substituted for conductor 109. A 
plurality of phosphor disks 108 are formed on the 
transparent conductor 109 such that each is arranged 
opposite a respective emitter cluster 104b including a 
plurality of respective electron emitters 106. A below- 
15 atmospheric pressure region 111 is formed between the 
phosphor disks 108 and the electron emitters 106. 

In operation, each of the phosphor disks 108 is 
selected as appropriate to emit light by selectively 
projecting an electron beam thereon from the electron 
0 emitters 106 of the corresponding emitter cluster 104b in 
order to produce a desired image. The electron beam is 
controlled by selectively applying appropriate voltage 
levels to the corresponding cathode electrode 102 and 
gate electrode 105 so that a sufficient voltage drop is 
25 produced between the selected gate electrode and cathode 
electrode to cause the electron emitters of the 
corresponding emitter cluster to emit an electron beam 
toward the phosphor 108. A positive voltage level with 
respect to the emitters 106 is applied to the transparent 
30 conductor 109 so that the emitted electrons are received 
by the selected phosphor disk 108 which then emits light 
through the transparent conductor 109 and transparent 
phosphor substrate 110. 

Figure 8 schematically illustrates a still 
35 further field emission device having an electrically 

insulating substrate 70, a cathode electrode layer 72 on 
the substrate 70, a resistor layer 74 on the cathode 
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electrode layer, a first dielectric layer 76 on the 
resistor layer 74, a gate layer 78 on the first 
dielectric layer 76 comprising a plurality of gate 
electrodes, and a second dielectric layer 80 on the gate 
5 layer 78- The resistor layer 74 is formed of the same 
material as resistor layer 23 of Figure 3, Apertures 82 
are formed in the dielectric layers 76 and 80 and the 
gate layer 78, and a plurality of microtip emitters 84 
are formed in the apertures on the exposed surface of the 
10 resistor layer 74 . 

Each aperture 82 is capped by a respective 
anode electrode of an anode layer 86 formed for example 
by glancing incidence metal evaporation from a source 
offset from the device. The device is rotated as the 
15 anode material is deposited in order to provide uniform 
deposition of the material- Patterning and etching may 
be used to form individual elements- Where the device of 
Figure 8 is to be used as a flat panel display, the anode 
material is a light transmissive conductor, such as 
20 indium-tin oxide (ITO) , or semiconductor material, coated 
with a phosphor. Where the device of Figure 8 is an 
array of active circuit elements not serving as a 
display, the anode material may be, for example, a metal 
or other conductive or semiconductive material, 
25 The resistor layer 74 preferably comprises a 

first, lower region 88 having a relatively low 
concentration of a dangling-bond-terminating impurity 
and/ or relatively high level of a dopant impurity to 
provide relatively low resistivity to produce a good 
30 ohmic contact with the cathode electrode layer 72. The 
layer 74 has a second, middle region 90 of relatively 
high resistivity due to a relatively high concentration 
of a dangling-bond- terminating impurity selected to 
assist in defining the overall, average resistivity of 
35 the resistor layer 74. Finally, the resistor layer 74 
has a third, upper region 92 of relatively low 
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resistivity like the first region 88 to afford good ohmic 
contact with the microtip emitters 84. 

Figure 9 is a schematic illustration of an 
integrated circuit comprising a transistor 100 and a load 
5 resistor element 102 comprised of the same material as 
the resistor layer 23 of Figure 3, The transistor 100 
includes a collector region 106, a base region 108 and an 
emitter region 110, each formed, for example, by 
implantation or diffusion of suitable dopants in a 

10 semiconductor substrate 112- A dielectric layer 114 is 
formed on an upper surface of the substrate 100- 
An aperture 116 is formed through the 
dielectric layer 114 to the upper surface of the 
substrate and the collector region 106. The load 

15 resistor element 102 is grown or deposited in the 
aperture 116 to have a first, lower region 120 of 
relatively low resistivity forming a good ohmic contact 
with the collector region 106, a second, middle region 
122 of relatively higher resistivity contiguous with the 

20 region 120 defining the average, overall resistivity of 
the resistor element 102, and a third, upper region 124 
of relatively lower resistivity contiguous with the 
second region 122. Apertures are formed through the 
dielectric layer 114 to the base region 108 and the 

25 emitter region 110, and metallization patterns 130, 132, 
and 134 are formed on an upper surface of the layer 114 
to provide contacts respectively for the base region 108, 
the emitter region 110 and a first terminal of the 
resistor element 102 opposite its connection to the 

30 collector region 106. A further aperture through the 
dielectric layer 114 (not shown for purposes of 
simplicity and clarity) and associated metallization 
pattern provides electrical contact with the collector 
region 106. The upper, low resistivity region of the 

35 resistor element 102 provides good ohmic contact with the 
metallization pattern 134. 
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The device of Figure 9 can serve, for example, 
as a pull-down output of an integrated logic circuit or 
as an amplifier or other active device in an analog 
integrated circuit • 
5 With reference now to Figure 10, an integrated 

circuit 150 is illustrated in cross-section therein which 
includes the series connection of a capacitor and a 
resistor element comprised of the same material as the 
resistor layer 23 of Figure 3. The integrated circuit 
10 150 includes a semiconductor substrate 152 in which a 

conductive or semiconductive region 154 has been formed 
through an upper surface thereof, for example, by 
implantation or diffusion of a dopant impurity. A 
dielectric layer 158 is formed on the upper surface of 
X5 the substrate 152 and an aperture 160 is formed through 
the dielectric layer 158 to the upper surface of the 
substrate 152 and of the region 154. A resistor element 
162 is grown or deposited in the aperture 160 to have a 
first, lower region 164 of relatively low resistivity 
20 forming a good ohmic contact with the region 154, a 
second, middle region 168 of relatively higher 
resistivity contiguous with the region 164 defining the 
average, overall resistivity of the resistor element 162, 
and a third, upper region 17 0 of relatively lower 
25 resistivity contiguous with the second region 168. A 

metallization pattern 174 is formed on an upper surface 
of the dielectric layer 158 to provide a contact with a 
first terminal of the resistor element 162. A second 
opposite terminal of the resistor element 162 makes a 
30 substantially ohmic contact with the region 154. 

A second metallization pattern 178 is formed on 
the upper surface of the dielectric layer 158 opposite 
the region 154, so that the region 154 and the 
metallization pattern 178 form opposing plates of a 
35 capacitor separated by the dielectric layer 158. 

It will be appreciated that integrated circuit 
of Figure 10 provides a series connection of the resistor 
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element 162 with the capacitor formed by the region 154, 
metallization pattern 178 and dielectric layer 158 
therebetween. In order to arrange the resistor element 
in parallel with the capacitor in certain other 
5 embodiments, the metallization pattern 174 is connected 
to the metallization pattern 178 or else a single 
metallization pattern including both patterns 174 and 178 
of Figure 10 is formed on the upper surface of the 
substrate 158. 

10 Although specific embodiments of the inventions 

have been described in detail herein with reference to 
the accompanying drawings, it is to be understood that 
the invention is not limited to those precise 
embodiments, and that various changes and modifications 

15 may be effected therein by one skilled in the art without 
departing from the scope or spirit of the invention as 
defined in the appended claims. 
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WHAT IS CLAIMED IS; 

1. A field emission device having a resistor 
element which comprises amorphous Si^C^^^ wherein 0<x<l^ 
wherein the SL^C^^^^ incorporates at least one impurity 

5 selected from the group consisting of hydrogen, halogens, 
nitrogen, oxygen, sulphur, selenium, transition metals, 
boron, aluminum, phosphorus, gallium, arsenic, lithiiim, 
beryllium, sodium and magnesium. 

2. A field emission device according to claim 
10 1, wherein the Si^C^.^ has a resistivity ranging from 10^ 

ohm cm to 10^° ohm cm. 

3. A field emission device according to claim 
1, wherein the Si^C^^^ incorporates at least one impurity 
selected from the group consisting of hydrogen, halogens, 

15 nitrogen, and 
oxygen . 

4. A field emission device according to claim 

3, wherein the Si^C^^^ incorporates nitrogen as an 
impurity. 

20 5. A field emission device according to claim 

4, wherein the nitrogen is incorporated in the Sij^C^^.^ at 
least in part as a terminating species. 

6. A field emission device according to claim 
4, wherein the nitrogen is incorporated in the Si^^i-x 

25 least in part in the form of a nitride. 

7. A field emission device according to 
claim 1, wherein the Si^C-^^^ incorporates at least one 
impurity selected from the group consisting of sulphur, 
selenium, transition metals, boron, aluminum, phosphorus, 

30 gallium, arsenic, lithium, beryllium, sodium and 
magnesium. 

8. A field emission device according to claim 
1, further comprising at least one electron emitting 
structure and wherein said device is formed on a 

35 substrate and said resistor element is formed integrally 
therewith and coupled to said emitting structure. 
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9. A field emission device according to claim 
8, wherein the emitting structure is coupled to the 
resistor element by direct contact therewith over an area 
of no more than about 10"® cm^. 
5 10. A field emission device according to claim 

8, wherein the emitting structure is coupled electrically 
through the resistor element to a cathode electrode. 

11. A field emission device according to claim 
8, wherein the at least one electron emitting structure 

10 comprises a plurality of electron emitting structures. 

12. A field emission device according to claim 
10, wherein the cathode electrode comprises a cathode 
electrode layer on the substrate, the resistor element 
comprises a resistor layer having a first surface on the 

15 cathode electrode layer and a second surface opposite the 
first surface, and the emitting structure is on the 
second surface of the resistor layer. 

13. A field emission device according to claim 
8, wherein the substrate comprises at least one material 

20 selected from the group consisting of ceramics, glasses, 
semiconductors, metals and alloys. 

14. The field emission device according to 
claim 8, further comprising a gate for controlling the 
application of electric fields to the electron emitting 

25 structure. 

15. The field emission device according to 
claim 8, further comprising an anode. 

16. The field emission device according to 
claim 15, wherein the anode comprises a phosphor 

30 positioned to receive electrons from the at least one 
electron emitting structure to thereby emit light. 

17. The field emission device of claim 16, 
wherein the anode comprises a plurality of separately 
addressable phosphors. 

35 18. The field emission device according to 

claim 10, 
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wherein the cathode electrode comprises a cathode 
electrode layer on the substrate and said resistor 
element is in contact with said cathode electrode layer. 

19. The field emission device according to 
5 claim 8, wherein the resistor element comprises a 

plurality of resistor regions arranged on a surface of 
the substrate. 

20. The field emission device of claim 8, 
comprising a plurality of electron emitter structures 

10 arranged as a plurality of field emission cathode regions 
each having a plurality of electron emitter structures, 
the plurality of field emission cathode regions being 
spaced apart on the substrate. 

21. The field emission device of claim 20, 
15 further comprising a dielectric region formed on the 

substrate, the dielectric region having a plurality of 
apertures therethrough defining the field emission 
cathode regions; and a plurality of gate electrodes 
formed on a surface of the dielectric region opposite the 
20 substrate. 

22. The field emission device according to 
claim 21, further comprising a plurality of row 
electrodes forming portions of a surface of the 
substrate, and wherein said electron emitter structures 

25 form a plurality of field emission cathode regions 

arranged in a rectangular pattern over the plurality of 
row electrodes, and the plurality of gate electrodes are 
arranged in a plurality of columns with respect to the 
rectangular pattern of the plurality of field emission 

30 cathode regions. 

23. A method of emitting electrons from a 
field emission device comprising: 

providing a field emission device mounted on a 
substrate, wherein said field emission device comprises 
35 at least one electron emitting structure and a resistor 
element coupled with the emitting structure; and 



wo 97/23002 



PCT/US96/20374 



34 

applying an electric field to the emitting 
structure such that electric current is conducted through 
the resistor element to the emitting structure and 
electrons are emitted therefrom, 
5 wherein said resistor comprises amorphous Si^C^. 

X wherein 0<x<l and the Si^C^.^ incorporates at least one 
impurity selected from the group consisting of hydrogen, 
halogens, nitrogen, oxygen, sulphur, selenium, transition 
metals, boron, aluminum, phosphorus, gallium, arsenic, 

10 lithium, beryllium, sodium and magnesium. 

24. The method according to claim 23, wherein 
the amorphous Si^^C^^^ contains at least one impurity 
selected from the group consisting of hydrogen, halogens, 
nitrogens, and oxygen. 

15 25. The method according to claim 24, wherein 

the amorphous Si^C^^^^ contains nitrogen as an impurity. 

26. The method according to claim 25, wherein 
the nitrogen is incorporated in the amorphous Si,^C^.^ at 
least in part as a terminating species. 

20 27. The method according to claim 25, wherein 

the nitrogen is incorporated in the amorphous Si^C^.^ at 
least in part in the form of a nitride. 

28. The method according to claim 23, wherein 
the amorphous Si^C^^.^ contains at least one impurity 

25 selected from the group consisting of sulphur, selenium, 
transition metals, boron, aluminum, phosphorus, gallium, 
arsenic, lithium, beryllium, sodium and magnesium. 

29. The method according to claim 23, further 
providing an extraction electrode opposite the emitting 

30 structure and applying a voltage between the resistor 
element and the extraction electrode to apply the 
electric field to the emitting structure. 

30. The method according to claim 23, further 
providing a phosphor plate opposite said emitting 

35 structure to receive electrons therefrom and emit light 
in response to the received electrons. 
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31. A method of making a field emission device 
comprising forming a resistor element on a substrate^ the 
resistor element comprising amorphous Si^^Cj^.^ wherein 
0<x<l and the amorphous Si^C^^.^^ incorporates at least one 

5 impurity selected from the group consisting of hydrogen^ 
halogens, nitrogen, oxygen, sulphur, selenium, transition 
metals, boron, aluminum, phosphorus, gallium, arsenic, 
lithium, beryllium, sodium and magnesium, and forming at 
least one electron emitting structure on the substrate 
10 coupled with the resistor element. 

32. The method according to claim 31, wherein 
the amorphous Si^C^^.j^ incorporates at least one impurity 
selected from the group consisting of hydrogen, halogens, 
nitrogen and oxygen. 

15 33. The method according to claim 32, wherein 

the amorphous Si^C^.^ incorporates nitrogen as an 
impurity - 

34. The method according to claim 33, wherein 
the nitrogen is incorporated in the Si^Cj^.,^ at least in 

20 part as a terminating species. 

35. The method according to claim 33, wherein 
the nitrogen is incorporated in the Sij^C^^.^^ at least in 
part as a nitride. 

36. The method according to claim 31, wherein 
25 the amorphous Si^^Cj^.^ incorporates at least one impurity 

selected from the group consisting of sulphur, selenium, 
transition metals, boron, aluminum, phosphorus, gallium, 
arsenic, lithium, beryllium, sodium and magnesium. 

37. The method according to claim 31, wherein 
30 the resistor element is a resistor film and the at least 

one electron emitting structure is formed on the resistor 
film. 

38. The method according to claim 31, further 
comprising forming a cathode electrode on the substrate, 

35 and wherein the resistor film is formed on the cathode 
electrode such that the resistor film is positioned 
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betiween the cathode electrode and the at least one 
electron emitting structure. 

39. The method according to claim 31, wherein 
the resistor element has a resistivity ranging from 10^ 

5 cm to 10^^ cm. 

40. The method according to claim 31, wherein 
the impurity is incorporated into the amorphous Sl^C^^^ by 
ion implantation or diffusion, or during growth of the 
amorphous Si^^C^^.j^. 

10 41. The method according to claim 37, wherein 

the resistor film has a thickness ranging from about 
0.025 micron to about 10 micron. 

42. The method according to claim 41, wherein 
the resistor film has a thickness ranging from about 0.1 

15 micron to about 1.0 micron. 

43. The method according to claim 42, wherein 
the resistor film has a thickness ranging from about 0.2 
micron to about 0*5 micron. 

44. The method according to claim 31, 
20 comprising the steps of: 

forming a cathode electrode layer on a 
surface of the substrate; 

forming the resistor element on the 
cathode electrode layer; 
25 forming a dielectric layer on the resistor 

element; 

forming a gate electrode on the dielectric 

layer; 

forming a gate cavity in the dielectric 
30 layer and gate electrode to expose a portion of the 
resistor element; and 

forming the emitting structure on the 
exposed portion of the resistor element. 

45. The method according to claim 31, 
35 comprising the steps of: 

forming a cathode electrode layer on a 
surface of the substrate; 
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forming the resistor element on the 
cathode electrode layer; 

forming the emitting structure on the 
resistor layer; and 
5 forming an extraction electrode opposite 

the emitting structure. 

46. The method according to claim 31, 
comprising the steps of: 

forming a cathode electrode layer on a 
10 surface of the substrate; 

forming the resistor element comprising 
resistor microtips on the cathode electrode layer; 

forming the emitting structure on the 
resistor microtips; and 
15 forming an extraction electrode opposite 

the emitting structure. 

47. The method according to claim 31, 
comprising the steps of: 

forming a cathode electrode layer on the 

20 substrate; 

forming the resistor element on the 
cathode electrode layer; 

forming a patterned dielectric layer on 
the resistor element producing an exposed portion of the 
25 resistor element; 

forming a gate electrode on and 
corresponding to the patterned dielectric layer; and 

forming the emitting structure on the 
exposed portion of the resistor element. 
30 48. The method according to claim 31, 

comprising the steps of : 

forming the resistor element on the 

substrate ; 

forming a cathode electrode layer on the 
35 resistor element; 

forming a dielectric layer on the cathode 
electrode layer; 
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forming a gate electrode on the dielectric 

layer ; 

exposing a portion of the resistor layer 
through the gate electrode, dielectric layer and cathode 
5 electrode layer; and 

forming the emitting structure on the 
exposed portion of the resistor layer. 

49. The method according to claim 31, 
comprising the steps of: 
10 forming a cathode electrode layer on a 

surface of the substrate; 

forming the resistor element comprising 
resistor microtips on the cathode electrode layer; 

forming a patterned dielectric layer on 
15 the resistor element creating exposed portions of the 
resistor element comprising the resistor microtips; 

forming a gate electrode on and 
corresponding to the patterned dielectric layer; and 

forming the emitting structure on the 
20 resistor microtips* 

50* The method according to claim 31, 
comprising the steps of : 

forming a cathode electrode layer on a 
surface of the substrate; 
25 forming the resistor element comprising 

electrically isolated resistor microtips on the cathode 
electrode layer ; 

forming a patterned dielectric layer on 
the resistor element or the cathode electrode layer 
30 creating exposed portions of the resistor element; 

forming a gate electrode on and 
corresponding to the patterned dielectric layer; and 

forming a plurality of emitting structures 
on the exposed portions of the resistor element. 
35 51. The method according to claim 50, 

comprising etching the exposed portions of the resistor 
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element: to form resistor pedestals for the emitting 
structure . 

52. The method according to claim 51, 
comprising etching the exposed portions of the resistor 

S element so that the resistor pedestals are separated from 
remaining portions of the resistor element. 

53. The method according to claim 31, 
comprising the steps of : 

forming the resistor element on the 

10 substrate; 

forming a patterned cathode electrode 
layer on the resistor element creating exposed portions 
of the resistor elements- 
forming a patterned dielectric layer on 
15 and corresponding to the patterned cathode electrode 
layer ; 

forming a patterned second resistor 
element on and corresponding to the patterned dielectric 
layer ; 

20 forming a patterned gate electrode on and 

corresponding to the patterned second resistor element; 
and 

forming the emitting structure on the 
exposed portions of the resistor element. 
25 54. The method according to claim 31, 

comprising the steps of: 

forming a patterned resistive film of the 
resistor element onto a surface of the substrate; 

forming a patterned dielectric film onto 
3 0 the surface of the substrate and/or on a portion of the 
resistive film; 

forming a patterned gate metal film onto 
and corresponding to the patterned dielectric film; and 

forming the electron emitter structure 
35 coupled with the resistor film. 

55. An integrated circuit comprising: 
a substrate ; 
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a resistor layer comprising amorphous 
Si^Cj^.^ wherein 0<x<l, and wherein the Si^C^.^ incorporates 
at least one impurity selected from the group consisting 
of hydrogen, halogens, nitrogen, oxygen, sulphur, 
5 selenium, transition metals, boron, aluminum, phosphorus, 
gallium, arsenic, lithium, beryllium, sodium and 
magnesium; and 

a first current conducting layer; 
the resistor layer having a first region 
10 of first resistivity contiguous with the first current 
conducting layer and a second region of second 
resistivity higher than the first resistivity and 
contiguous with the first region, the second region being 
spaced from the first current conducting layer by the 
15 first region; 

a first one of the resistor layer and the 
first current conducting layer being on the substrate and 
a second one of the resistor layer and the current 
conducting layer being on the first one thereof* 
20 56. The integrated circuit of claim 55, 

wherein the Si^Cj^.^ incorporates at least one impurity 
selected from the group consisting of hydrogen, halogens, 
nitrogen and oxygen. 

57. The integrated circuit of claim 56, 

25 wherein the Si^C^^.^ incorporates nitrogen as an impurity. 

58. The integrated circuit of claim 57, 
wherein the nitrogen is incorporated in the Si^C^.^ at 
least in part as a terminating species. 

59. The integrated circuit of claim 57, 

30 wherein the nitrogen is incorporated in the Si^^C^^^ at 
least in part in the form of a nitride. 

60. The integrated circuit of claim 55, 
wherein the Si^C^.^^ incorporates at least one impurity 
selected from the group consisting of sulphur, selenium, 

35 transition metals, boron, aluminum, phosphorus, gallium, 
arsenic, lithium, beryllium, sodium and magnesium. 
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61. The in'kegrat:ed circuit of claim 55, 
wherein the resistor layer is on the substrate and the 
first current conducting layer is on the resistor layer. 

62. The integrated circuit of claim 55, 

5 wherein the first current conducting layer is on the 
substrate and the resistor layer is on the current 
conducting layer. 

63. The integrated circuit of claim 55, 
wherein the first current conducting layer comprises a 

10 metal. 

64. The integrated circuit of claim 55, 
wherein the first current conducting layer comprises a 
semiconductor material. 

65. The integrated circuit of claim 55, 
15 wherein the resistor layer is coupled in current 

conducting relation with a current utilization device. 

66. The integrated circuit of claim 65, 
wherein the current utilization device comprises a field 
emission device. 

20 67. The integrated circuit of claim 65, 

wherein the current utilization device comprises a 
transistor. 

68. The integrated circuit of claim 65, 
wherein the current utilization device comprises a 

25 capacitor. 

69. The integrated circuit of claim 55, 
further comprising a second current conducting layer 
contacting the resistor layer at a surface thereof 
opposite the first current conducting layer, the resistor 

30 layer having a third region adjacent the second current 
conducting layer having a third resistivity lower than 
the second resistivity. 

70. A method of making an integrated circuit, 
comprising: 

35 providing a substrate; 

forming a first layer on the substrate; 

and 
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forming a second layer on the first layer; 
a first one of the first and second layers 
comprising a resistor layer comprising amorphous Si^C^^.^ 
wherein 0<x<l^ wherein the Si^C^^.^ incorporates at least 
5 one impurity selected from the group consisting of 

hydrogen, halogens, nitrogen, oxygen, sulphur, selenium, 
transition metals, boron, aluminum, phosphorus, gallium, 
arsenic, lithium, beryllium, sodium and magnesium and a 
second one of the first and second layers comprises a 

10 current conducting layer, the resistor layer having a 
first region of first resistivity contiguous with the 
current conducting layer and a second region of second 
resistivity higher than the first resistivity and 
contiguous with the first region, the second region being 

15 spaced from the current conducting layer by the first 
region* 

71. The method of claim 70, wherein the first 
and second resistivities of the first and second regions 
of the resistor layer are formed by varying a 

20 concentration of the at least one impurity between the 
first and second regions. 

72. The method of claim 70, wherein the Si^^C^.j, 
incorporates at least one impurity selected from the 
group consisting of hydrogen, halogens, nitrogen, and 

25 oxygen. 

73. The method of claim 72, wherein the Six^i-j, 
incorporates nitrogen as an impurity. 

74. The method of claim 73, wherein the 
nitrogen is incorporated in the Si^^C^.^j at least in part 

30 as a terminating species. 

75. The method of claim 73, wherein the 
nitrogen is incorporated in the Si^C^^.^ at least in part 
in the form of a nitride. 

76. The method of claim 71, wherein the Si^^C^^.j 
35 incorporates at least one impurity selected from the 

group consisting of sulphur, selenium, transition metals. 
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boron, aluminum, phosphorus, gallium, arsenic, lithium, 
beryllium, sodium and magnesium, 

77. The method of claim 71, wherein the 
impurity is added to the resistor layer as it is formed. 
5 78. An integrated circuit comprising: 

a substrate; 

a resistor element formed on the substrate and 

comprising amorphous Si^C^^.^ wherein 0<x<l, and wherein 

the Si^Cj^.,^ incorporates at least one impurity selected 
10 from the group consisting of hydrogen, halogens, 

nitrogen, oxygen, sulphur, selenium, transition metals, 

boron, aluminum, phosphorus, gallium, arsenic, lithium, 

beryllium, sodium and magnesium; and 

a current conducting element formed on or in 
15 the substrate and contacting the resistor element with a 

contact area of no more that about 10~® cm^. 

79. The integrated circuit of claim 78, 

wherein the current conducting element comprises a field 

emission device. 
20 80. The integrated circuit of claim 78, 

wherein the current conducting element comprises a 

transistor. 

81. The integrated circuit of claim 78, 
wherein the current conducting element comprises a 

25 capacitor. 

82. A method of making an integrated circuit, 
comprising: 

providing a substrate; 

forming a resistor element on the substrate 
30 comprising amorphous Si^Cj^.^^ wherein 0<x<l, and wherein 
the Si^C^^^ incorporates nitrogen as an impurity; 

annealing the resistor element at a first 
predetermined elevated temperature; and 

subsequently to the annealing of the resistor 
35 element, carrying out at least one further processing 
step at temperatures which do not exceed the first 
predetermined elevated temperature. 
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83. The method of claim 82, wherein the at 
least one further processing step comprises at least one 
of depositing a layer on the integrated circuit, further 
annealing the integrated circuit, incorporating a further 

5 impurity in the integrated circuit, and encapsulating the 
integrated circuit. 

84. The method of claim 82, further comprising 
forming a dielectric layer on the resistor element. 

85. The method of claim 84, wherein the 

10 annealing step is carried out after the step of forming 
the dielectric layer. 

86. The method of claim 85, wherein the 
dielectric layer comprises silicon dioxide. 

87. The method of claim 85, wherein the 
15 dielectric layer comprises silicon nitride. 



wo 97/23002 



PCT/US96/20374 








FIGURE 1 



wo 97/23002 PCT/US96/20374 

2/ 10 

15 ^ • # • # 





FIGUEE 2 



wo 97/23002 



3/ 10 



PCT/US96/20374 




FIGUEE.-3 



wo 97/23002 PCT/US96/20374 



4/ 10 




C4 
CI 



wo 97/23002 



PCT/US96/20374 



5/ 10 





FIGUEE5 



wo 97/23002 



PCTAJS96/20374 



6/ 10 




FIGURE 6 



• 

wo 97/23002 



PCT/US96/20374 



7/ 10 




til 

FiG-uRE 7 



PCT/US96/20374 



8/ 10 



wo 97/23002 



PCT/US96/20374 



9/ 10 




wo 97/23002 



PCTAJS96/20374 




INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US96/20374 



CLASSIFICATION OF SUBJECT MATTER 
IPC(6) :H01L 31/0312 
US CL :257/T7 

Accoftling to International Patent Classification (IPC) or to both national classification IPC 



B. 



RELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 257/10, 11,77,536,537; 313/309, 336, 346R, 351; 437/100, 918 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electfonic data base consulted during the international search (name of data base and, where practicable, search terms used) 
APS 

search terms: annorphous« silicon carbide, sic, nitrid?, field emission, halogen 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 



Citation of document, with indication, where appropriate, of the rcicvani passages 



Relevant to claim No. 



Y 
Y 



US 4,329,699 A [ISHIHARA et al-1 11 May 1982, figures 6, 
1. and 13, col. 6, lines 15-18, col. 5, line 57- 

US 5,140,397 A [HAGA et al.l 18 August 1992, col. 3, lines 
40-41. 

US 4,937,454 A (ITOH et alj 26 June 1990, col. 4, line 27. 

US 4,412,900 A [TANAKA et al.lOI November 1983, figure 
23, coL 11, lines 50-69, col. 13, lines 1-36. 

US 5,350,490 -A (LEE et al.l 27 September 1994, col. 3, 
lines 53-56, col. 4, lines 6-8. 



55-65, 67-69 
57-59, 82-87 
60 

82-87 
83 



[ x| Further documcnU are listed in the continuation of Box C. | | Sec patent family annex. 



■E- 



•p. 



•X* 



SpeciAl oateg ones of cited documcafii: 
to be of p^fti*-.«t«r fclevuoc 

owlier ilfr-j"*"" publkbed oo or after the iiHrmelioMl rUiag date 

docimcol which may throw dotibto oa priority cluiD(a) or 
cited to eat^ltah the puhUcetion dale of soother citatioo or 
•pecial rraaon (aa ipecified) 

docuaevt refciiizig lo aa onJ diacloauffc. uae. cxhibitioo or other 



iateffnciiooalfUinf dale but later tfaao 



fiHzif dale or prionQr 

" toll " 



pmeiple or theory laidertyiBg the invcDiioci 

document of panicular relevanoe; the rUimnri inwciitioa cannoA be 
cooaiderBd iwvel or caxiaot be cooaidcrvd to involve an cnvcaHivettcp 
when the d wunwnl ii uk< 



I publiafaed prior to the 
the pffoitty dale clamied 



documoil of pasticukr irlevanoe; the claoned invention caanot be 
oonaidered lo kvolvc aa inventsve Hep when the document b 
ffwnhomrt with one or oMMe other cuch documenti, aucfa < 
beiaf obviowa to a peraon akiUed ia the ait 

It iiM.! Jipj ^ tfie iame paicat family 



Date of the actual completion of the international search 



10 APRIL 1997 



Date of mailing of the international search report 



2 2 APR 1997 



Name and mailing address of the ISA/US 
Commisaioner of Palenta and Tradeaurks 
Box PCT 

Waahington. D.C. 20231 
FacsimUe No. (703) 305 3230 



Authoij^ officer 
ISARA W. CRANE 



Tclcphorte No 



(703) 308^56 



Form PCT/lSA/210 (second sheet)(iuly 1992)« 



INTERNATIONAL SEARCH REPORT 



InCemational application No. 
PCT/US96/20374 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No. 

Y US 4.827,1 18 A [SHIBATA et al.JOZ May 1989, col. 4, lines 58- 83 
68. 

Y US 4,980,736 A [TAKASAKI et al.] 25 December 1990, fig. 8A. 84-87 
col. 10, lines 37-40. 

A US 3,789,471 A (SPINDT et al.]05 February 1974. 



Form PCT/ISA/2tO (continuation of second sheetKiuly 1992)* 



